We have developed the mathematical model and experimental technique for quantitative simultaneous multiple-radionuclide autoradiography, The technique is an extension of previously described dual-tracer methods and offers the advantage of a general approach in which any two or more radionuclides with different half-lives can be used to measure multiple parameters of cerebral function, The model allows the selection of nuclide doses and exposure times to balance cross-contamination of the mUltiple images with nuclide requirements, The tech-LCBF, local cerebral blood flow; LCMRO, local cerebral met abolic rate for glucose; LCRPS, local cerebral rate of protein synthesis; LEU, [I4CJleucine; QSMRA, quantitative simulta neous multiple-radionuclide autoradiography.
Autoradiographic techniques have been devel oped to evaluate single parameters of cerebral func tion. Measurements of local cerebral blood flow (LCBF) (Sakurada et aI. , 1978) , local cerebral met abolic rate for glucose (LCMRG) (Sokoloff et aI. , 1977) , and local cerebral rate of protein synthesis (LCRPS) (Dienel et aI. , 1980; Dwyer et aI., 1982) are routinely performed in many laboratories. Quantitative techniques for simultaneous measure ment of two parameters, LCBF and LCMRG, using pairs of tracers labeled with 1 4C and 123 1 (Lear et aI. , 1981) or 14C alone (Furlow et aI. , 1983) , have recently been described. Qualitative and semiquan titative techniques of double-radionuclide autora-nique was validated with homogeneous tissue sections containing combinations of 1 23 1, 1 2 41, 1 3 11, 18F, 99mTc, 68Ga, and 14C, and then used in qualitative and quantitative in vestigations of interrelationships of local cerebral blood flow, glucose metabolism, and protein synthesis in normal and several pathological conditions in rats, Key Words: Glucose metabolic rate-Local cerebral blood flow -Multiple-radionuclide autoradiography -Protein synthesis, diography using combinations of 1 8 F, 201 Tl, 3R , l3l1 , and 14C have also been described (Diemer et aI. , 1981; L'Abbate et aI. , 1981; Mies et aI. , 1981; Lear et aI. , 1982a; Som et aI. , 1983) . The purpose of this investigation was to expand and generalize these techniques to allow the use of any two or more elec tron-or positron-emitting nuclides with different half-lives in simultaneous multiple-radionuclide au toradiography.
In multiple-radio nuclide autoradiography, a tissue section containing several radionuclides is used to make several sequential images on film. Each image is created from combinations of expo sures from the different tracers. It is desirable to have each image result primarily from a single tracer, so that an image will qualitatively reflect a single functional parameter and so that any error in quantitative analysis will be minimized (Lear et aI. , 1981) . Because higher image purity requires higher nuclide doses, a system relating image purity to nu clide doses is necessary to optimize experimental conditions. In the quantitative analysis of the im ages, the cross-contamination of each image from nuclides other than the primary nuclide must be re moved by subtraction of the correct amount of exposure I caused by the secondary nuclide. If both tracers are labeled with 14C, as in the technique of Purlow et aI. (1983) , this is done simply by chemical washing of the section between exposures to re move one tracer, followed by direct subtraction of the second exposure from the first. If different nu clides are used, the relative exposure efficiency of each nuclide must be determined before subtraction (except in cases where each image results almost purely from one tracer, such as in 1 8 P_14C dual tracer studies). Previous studies (Lear et aI., 1981) demonstrated that exposure of Kodak SB-54 film by 1 23 1 was directly related to exposure by 14C on a per-disintegration basis. 14C standards were there fore used to measure 1 23 1 exposure and to subtract the 1 23 1 exposure from the 14C image, and vice versa. In preliminary studies (Lear et aI. , 1982a (Lear et aI. , , 1983 this proportionality of exposures was found to be generally applicable to other nuclides on other films. Thus nuclides with half-lives so short as to make repeated preparation of calibrated standards impractical can be calibrated with 14C standards for quantitative analysis of autoradi ograms and correction of cross-contamination in multiple-tracer studies.
METHODS

Determination of proportionality constants of exposures of short-lived nuclides to that of 14C
Portions of rat brains were placed in test tubes and mechanically homogenized with glass rods. Aliquots of saline containing 1 23 1, 1 2 41, l 3 11, 99mTc, 18F, and 68Ga were prepared in dilutions of 1:1, 1:5, 1:10, and 1:15. The 1:1 dilution of each nuclide was chosen such that the number of atoms per milliliter was equal to the number of disin tegrations occurring from 10 /-LCi of 14C in 10 days. Ali quots of 0.1 ml solution per gram homogenized rat brain mixtures were prepared and frozen. The frozen mixtures were sectioned into 20-/-Lm slices, dried on a hot plate, and placed on Kodak NMB or NMC film for a length of time equal to one half-life adjacent to calibrated 14C stan dards which were left on the film for 10 days. The films were stored in a sealed cabinet next to a container of desiccant to prevent latent image fade. (The concentra-I Exposure is defined and used in this article as energy de posited per film emulsion surface area. For 14C exposures on single-emulsion film, this is directly related to the product of the activity and exposure time. Exposures are additive or subtrac tive, and the reciprocity rule of photography applies. Because an electron can develop many grains as it travels through the emulsion, exposure per electron increases roughly linearly with the energy of the electron until levels where the electron can penetrate the emulsion of the film and enter the base are reached. Very high energy electrons can cross through the base and ex pose the second emulsion in double-sided films, making film ex posure versus energy of electron relationships very complicated. Also, when exposures are subtracted, care must be taken not to confuse exposure with optical density or film darkening, which is not additive. tion of the highest activity mixture of each nuclide was chosen as noted in an attempt to approximate an expo sure equivalent to I /-LCi/g tissue of 14C for 10 days, based on the previous observation that high energy f)-particles such as those of 1 23 1 had a per-disintegration exposure efficiency slightly greater than twice that of 14C. Also, 1 /-LCi of 14C produces an exposure with an optical density near midrange on NMB or NMC film.) The films were developed, and the optical densities of the tissue expo sures were compared to those of the standards using a densitometer with a 250-/-Lm aperture. Average values per electron or positron disintegration exposure efficiencies were determined for each nuclide from the four levels of initial activity.
Development and optimization of exposure equations
As previously stated, it is important to balance the rel ative purity of the images with the relative initial activities of the nuclides needed to produce a usable image. This can be done as follows: Consider two images produced by exposure from a tissue section containing two nu clides, A and B. The first image is made for a length of time 1 1 ; the section is then removed from the film for a length of time 1 2 ; and the section is then placed back on the film for a length of time t3' The following equations define the relative exposures:
First exposure (of duration tl):
Waiting period (of duration 1 2 ):
(3)
Second exposure (of duration t3):
where A and B are the shorter and longer half-life nu clides of any pair, x'A and x's are the respective decay coefficients, D A i and DB i are the number of nuclei of A and B which decay during time period i, and NOA and NOB are the initial number of nuclei of A and B. General solution of these equations leaves two degrees of freedom for optimization of image purity versus initial activity selection. For convenience, the equations were reduced before they were solved by substitution with the variables, half-life ratios (x'B/x'A)' and dose ratio (activity of nuclide A or B needed for multiple-tracer study/ac tivity of A or B needed to produce the same exposure in a single-tracer study). When more than two nuclides are used, the equations are solved first for the pair with the longest half-lives; then tl is used as 1 3 for the next pair, and so on.
Animal studies using quantitative simultaneous multiple-radionuclide autoradiography (QSMRA) Preliminary studies on the interrelationships of LCBF, LCMRG, and LCRPS were performed on normal rats and on rats with various pathological conditions with tracers labeled with 14C, 1 23 1, and 18F. The initial activities of the nuclides were chosen to yield images averaging greater than 80% purity based on solution of the optimization (Lear et aI., 1982b) , and LCRPS using [14C]leucine (LEU) (Dienel et aI., 1980) modified so that the times of injection of the different tracers were appropriate for a single sacrifice time. In the LCBF-LCMRO studies, the rats were given a 30-s infusion of approximately 2 mCi FDO or 30 fLCi DO through a femoral vein, and 40-fLl arterial blood sam ples were obtained at appropriate intervals for 38 min. A 30-s infusion containing 1.4 mCi IMP was then adminis tered, an additional six arterial blood samples were ob tained, and the animals were sacrificed. In the FDO-DO studies, a mixture of 1.5 mCi FDO and 30 fLCi DO was administered in a 30-s infusion. Arterial blood samples were obtained for 38 min, and the rats were then sacri ficed. In the LCBF-LCMRO-LEU studies, the rats were first given a 30-s infusion of 50 fLCi LEU. Te n minutes later a 2.2-mCi dose of FDO was administered, and after 40 more min, a 30-s infusion of 2.4 mCi IMP was given. (See Results for an explanation of the amounts of nuclides used in the studies.) In all studies, the animals had had catheters placed in femoral arteries and veins while under halothane anesthesia at least 3 h before the studies. All animals were awake and alert at the beginning of the study. They were restrained by taping their limbs to a brick.
For quantitative studies, the autoradiographs were an alyzed using a densitometer with a 250-fLm aperture to determine optical densities of structures, which were compared to 14C standards to determine equivalent 14C concentrations. Subtraction was used to correct for cross-contamination based on solutions of the optimiza tion equations. In the triple-label studies, subtraction was limited to the most significant contamination; the 18F ex posure was not subtracted from the 14C exposure, and vice versa. (The error from this simplification is less than 1% from 18F contamination of the 14C image, and vice versa.) The arterial samples were analyzed in either a well gamma counter or a liquid scintillation counter.
RESULTS
Determination of proportionality constants of exposures of short-lived nuclides to that of 14C
Ta ble 1 lists the relative exposure efficiencies of various short-lived electron emitters (including con version electrons and positrons) for Kodak NMB or NMC film. As can be seen, the exposure efficiency J Cereb BLood Flow Metabol, Vol. 4, No.2, 1984 is related to the energy of the electrons at the lower levels but plateaus at high levels.
Solutions of the optimization equations Figure 1 shows two representative solutions of the exposure optimization equations. Figure 1 (top) is appropriate for dual-tracer studies in which the second exposure time t 3 is equal to many half-lives of the longer-lived nuclide of the pair. Figure 1  (bottom) is appropriate for triple-label studies using 1 8 F, 123 1, and 1 4C where the second exposure (to form the 123 1 image) is set at 13 h to limit contami nation from the 1 4C. The separation ratio S is de fined as the average exposure from the primary nu clide divided by the exposure from cross-contami nation. The graphs show the effects of increasing image purity or using nuclide pairs with similar half lives on the initial amount of activity of nuclides needed in the studies. As might be expected, in creased purity or greater similarity of half-lives re quires increased amounts of nuclides.
Animal studies using multiple radionuclide autoradiography Figure 2 contains representative images from multiple-tracer studies. Nuclide doses and exposure times were chosen from Fig. I to yield reasonable image purity without requiring excessive amounts of nuclides. For 1 8 F_ 123 1 double-tracer studies, the half-life ratio is 0.14 and an S value of 9 was chosen. Doses of either FOG or IMP of 1 mCi per rat (�3 mCilkg) were found to give suitable exposures at full decay (the shorter half-life of 1 8 F and lower number of atoms per millicurie are roughly bal anced by the only 13% electron emission of 123 1). Thus, in the dual-tracer studies, initial 1 8 F activity referenced to the beginning of the first exposure was 2 mCi, initial 123 1 activity was 1. 4 mCi, tl was 0.75 x 1.8 h = 83 min, t 2 was 4 x 1.8 h = 7.2 h, and t 3 was 4 days. In the triple-label studies with 1 8 F, 123 1, and 1 4C, S was reduced to 5, so as to in crease only modestly the initial amounts of FOG and IMP required to 2.2 and 2.4 mCi, respectively. (Had S been maintained at 9, the increase would have been to 4 and 3 mCi, respectively. ) The images in Fig. 2 demonstrate the successful separation of the exposure components of the images, even in cases of significant decoupling of LCBF and LCMRG.
Quantitative studies comparing the uptake of FOG and OG simultaneously were performed in six structures in four awake rats. Ratios of FOG and OG in the brain at time of sacrifice were normalized arterial blood ratios. Results are listed in Ta ble 2.
An average of 0. 9 was found in gray matter. This suggests that the kinetic constants of FOG differ from those of DG in the rat, but scatter of the data prevented determination of the significance in this small series. Average values in white matter were 10% lower for DG than in gray matter relative to FDG. This was most likely caused by higher atten-uation of the lower energy electrons from 14C by the denser dried white matter and is consistent with results from previous 12 3J -14C studies (Lear et aI., 198 1) . LCBF/LCMRG ratios were measured in eight areas in six awake rats: two each from FOG IMP dual-tracer, OG-IMP dual-tracer, and FOG IMP-LEU triple-tracer studies. The initial measure ments were made from areas which appeared ho mogeneous on visual inspection rather than from a broad selection of anatomic structures. This was done because the purpose of the study was to eval uate the reproducibility of the multiple-radionuclide autoradiographic technique rather than to perform a detailed evaluation of LCBF or LCMRG in the animals. Ratios averaged 1. 1 [(mIIlOO g/min)/(J.1mol! 100 g/min)] in most areas with a 12% SO. Significant exceptions occurred in the stratum moleculare (hip pocampal nerve tract), where the ratio was 0.8, and in the hippocampal cell body lines, where the ratio was 1.5. (These differences can be seen qualita tively in Fig. 2d and e ). It is possible that higher than-average glucose metabolism occurs in nerve tracts and higher-than-average blood flow occurs in areas of dense cell packing and protein synthesis in normal animals ( Fig. 2e ). Because of uncertainties in the LCRPS model, quantitative values were not measured, but the 14C contamination from the leu cine was subtracted from the IMP images. Qualitative studies were performed in rats with pathological conditions induced to decouple LCBF and LCMRG such as kindled seizures (Ackermann et aI., 1983) and chronic mechanically induced cor tical lesions (Kameyama et aI., 1983) . Multiple tracer autoradiography with exposure times and nu clide doses selected from Fig. 1 with S values of 8-10 yielded images with a good separation of LCBF and LCMRG ( Fig. 2a and b ), even where a signifi cant LCBF-LCMRG mismatch occurred. Addi tional quantitative studies are in progress to define further the time course of these changes.
DISCUSSION
QSMRA as developed in this investigation allows quantitative measurement of mUltiple parameters of cerebral function. It differs from previous tech niques in that it is a general approach to separating images formed from nuclides with different electron energies and half-lives. Also, it is the only tech nique yet described where quantitative exposure subtraction allows exact correction of exposure contamination from different nuclides based \om ex posure referenced to 14C. Furlow et al. (1983) de scribed a technique where exposures were sub tracted from images produced by two tracers la beled with 14C; however, the method was validated 1. L. LEAR ET AL. Left images are from a total seizure with bilateral LCBF-LCMRG decoupling (upper section is LCBF, lower image is LCMRG), and right images are from a partial seizure with unilateral decoupling. c: FDG (upper image) and ['4Cjdeoxyglucose (DG) (lower image) have similar uptake patterns in normal rats; however, overall kinetics are different. d: In normal, awake rats, hippocampal pyramidal cell body lines (double arrows) have a higher LCBF than the stratum moleculare, while this pattern is reversed for LCMRG. Left image is LCBF (IMP), and right image is LCMRG (DG). e: Triple-radionuclide autoradiography illustrates normal interrelationships between LCBF (IMP, left image), LCMRG (FOG, center image), and LCRPS {['4Cjleucine (LEU), right image}. The normal reversal of the LCBF/LCMRG ratio between pyramidal cell body lines (single arrows) and the stratum moleculare (triple arrows) is again demonstrated. As can be seen in the LCRPS image, the high LCBF/LCMRG ratios (25-50% above average) occur in some structures with high rates of protein synthesis. It is possible that the higher relative cerebral blood flow is necessary to provide substrates for protein synthesis or related activity.
only in normal rats. The technique used an S value of 1 for the first image, and values of LCBF showed generally higher standard deviations than in single tracer studies. This is consistent with the previous work of Lear et al. (1981) who demonstrated a mod erate loss of precision in studies with S values of 1 compared to single-label studies or studies with S values of 9. If the ratios of the parameters measured differ regionally from average values, an additional loss of precision will occur with subtraction unless the S values are increased. As shown in Fig. 1 , increasing the value of S requires higher doses of nuclides, so a trade-off must be made. The standard deviations of measurements aver aged about 12% in the studies performed in normal animals for the LCBF/LCMRG ratios in this report when obvious atypical structures were excluded. This is higher than the 4% found by Lear et al. (1981) in a direct comparison of [14C]iodoantipyrine and [1 2 3 I]iodoantipyrine with an S value of 12. This is probably a result of taking fewer readings per structure (10 vs. 300) and a lack of uniform LCBFI LCMRG ratios in all areas of the brain.
It is important to note that the method of refer encing exposures from short-lived electron emitters to 14C has been validated in this investigation for the range of approximately 30-1,600 nCi/g equiva lent of 14C for 10 days in 20-J..L m sections for NMB or NMC film. However, from previous work with wide ranges of 1 2 3 1 exposures on faster films such as Kodak SB-5 (Lear et al., 1981) and from studies on general properties of exposures made by elec trons (Colombie et al., 1959) , it is probable that the principle is generally applicable to a wide range of electron emitters and single-emulsion films. Simple proportionality of exposures would not be expected to apply to double-emulsion films if the electrons of one nuclide could penetrate the film base differently than the reference nuclide. This is probably the reason for the recent observation that the relative responses of X-OMAT (double-emulsion) and SB-54 (single-emulsion) films differ for different levels of exposure from 1 8 F (Som et aI., 1983) .
The quantitative studies performed in this inves tigation were limited with respect to statistical depth, primarily because they were designed to demonstrate the general technique of QSMRA. Nevertheless, interesting preliminary observations were made. For example, contrary to previous re ports (Reivich et aI., 1974) , LCBF and LCMRG may not be directly coupled in all structures in normal rats. Also, the overall rate constants for DG and FDG uptake in rats were similar. Additional studies with QSMRA should further clarify the re lationships of LCBF, LCMRG, and LCRPS and better compare the uptake kinetics of tracers with slight variations in structure. The qualitative studies showed LCBF-LCMRG mismatches in animal models of disease which may be related to a human disease such as epilepsy. The technique should therefore also be useful in guiding the selection of tracers for positron tomographic studies in humans.
